Introduction {#sec1}
============

Lithium--sulfur (Li--S) batteries have been considered as a promising alternative for conventional lithium-ion batteries, due to their low cost and natural abundance. Moreover, sulfur possesses an impressive theoretical capacity with a specific energy that is higher than that of the state-of-the-art lithium-ion batteries.^[@ref1],[@ref2]^ However, the practical application of Li--S batteries is greatly hindered by their low sulfur utilization, poor long-term cyclability, and inferior rate capability caused mainly by the sluggish ion diffusion/reaction kinetics and especially a series of side effects upon the dissolution and the "shuttle effect" due to the migration of lithium polysulfide (LiPS) intermediates (Li~2~S~*n*~, 2 ≤ *n* ≤ 8) in electrolytes.^[@ref3]−[@ref5]^ Therefore, an effective solution to the above problems is highly desired for Li--S batteries to promote their practical application.

A variety of approaches have been developed to address the aforementioned issues. Most commonly, carbon materials such as porous carbons^[@ref6],[@ref7]^ and carbon nanotubes^[@ref8]^ were employed as homogenous sulfur hosts to accommodate sulfur molecules and facilitate Li^+^ ion diffusion when used in electrodes.^[@ref9]^ Nonetheless, Li--S batteries based on mere carbon materials often experienced dramatic capacity decay due to sulfur loss caused by the weak interactions between polar LiPSs and nonpolar carbon host materials.^[@ref10]^ To obtain stronger interactions such as chemical bonding with the LiPSs, functional heterologous host materials were further developed by addressing polar metal oxides additives such as SiO~2~,^[@ref11]^ TiO~2~,^[@ref12]^ Al~2~O~3~,^[@ref13]^ and La~2~O~3~^[@ref14]^ or their derivatives of TiC,^[@ref15]^ TiO~2~--TiN,^[@ref16]^ and TiS~2~/VS~2~.^[@ref17]^ However, these functional heterogenous sulfur host materials reported previously were often realized by physically mixing/depositing polar additives with/on presynthesized carbon materials, which not only suffered from complicated processes, but would result in a weak interaction between the two components and a bad dispersion of polar additives. In particular, most heterogenous host materials contained a single polar additive whose chemical bonding effect may be only effective to one or fewer LiPS species, leading to insufficient trapping of polysulfides.

Recently, covalent organic frameworks (COFs),^[@ref18]−[@ref20]^ a kind of layered structured material with a controllable pore size and highly ordered pore arrangement first proposed in 2005,^[@ref20]^ have attracted considerable attention in catalysis^[@ref21]−[@ref23]^ and especially lithium--sulfur batteries.^[@ref24]−[@ref26]^ The large specific surface area with the easy-to-form ordered porous structure of COFs enables high sulfur loadings, effective alleviation of sulfur volume expansion, and fast ions diffusion. However, similar to that based on other carbon materials, Li--S batteries using pure COFs as sulfur host materials showed poor cycling performance and rate capability.

Herein, we propose an ingenious and effective strategy for the synthesis of hybrid-crystal-phase TiO~2~/COF (HCPT/COF) composites, where hybrid anatase/rutile TiO~2~ nanodots (10 nm) are uniformly embedded in the interlayers of the porous COF. The synthesis is realized through a multiple-reaction relay involving the hydrolysis of Ti precursor to form Ti intermediate (Ti(OH)~4~) ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, step 1), followed by the synchronous thermolysis of Ti(OH)~4~ and the polymerization of 1,4-dicyanobenzene (DCB) monomers into COF with molten ZnCl~2~ as a solvent and catalyst ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, step 2). The synthetic process is accompanied by the pseudo-topotactic transformation of three-dimensional (3D) layered structures from DCB monomer-embedded Ti(OH)~4~ networks to hybrid-crystal TiO~2~ nanodots-embedded COF frameworks (step 2). The prepared HCPT\@COF composite holds a high specific surface area of 809 m^2^ g^--1^ and a large pore volume of 0.87 cm^3^ g^--1^. X-ray photoelectron spectroscopy (XPS) reveals that N--Ti interfacial bonds are formed between TiO~2~ nanodots and COFs induced by the oxygen vacancy in HCPT nanodots, which strengthen the HCPT nanodots-embedded COF frameworks and provide an efficient electron transfer channel. Density functional theory (DFT) calculations imply that the hybrid TiO~2~ shows a complementary chemical anchoring effect toward LiPS species. As a result, the HCPT\@COF/S electrodes demonstrate a superior electrochemical performance for Li--S batteries, including a high reversible capacity (1149 mAh g^--1^ at 0.5 C), outstanding cycling stability (800 cycles at 0.5 C with a low capacity decay rate of 0.030% per cycle), and remarkable rate capability (a ∼63.7% retention upon 20 times variation from 0.2 to 4 C).

![Schematic Illustration for the Construction of Hybrid Anatase/Rutile Nanodots-Embedded COF Composites via a Pseudo-topotactic Transformation Enabled by a Multiple-Reaction Relay](oc9b00846_0004){#sch1}

Results and Discussion {#sec2}
======================

The as-prepared HCPT\@COF composite was ground into powder before characterization. A low-magnification scanning electron microscopy (SEM) image ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) shows that the HCPT\@COF composite holds an irregular shape (inset in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) with TiO~2~ nanodots uniformly dispersed on the COF porous framework, which is mirrored in the corresponding transmission electron microscopy (TEM) images ([Figure S1a,b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)). For the HCPT\@COF composite, the layered structure of COF is not observed, different from that of bare COF ([Figure S1c,d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)), which is due to the existence of TiO~2~ nanodots in the interlayers of COF. In a high-magnification TEM image ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), several nanoparticles with an average size of 10 nm are observed in the COF framework, showing clear crystal lattices corresponding to anatase TiO~2~ and rutile TiO~2~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d), respectively. Specifically, the *d*-spacing of 0.346 nm is assigned to the (101) plane of anatase TiO~2~ (JCPDS 21-1272), and 0.324 nm corresponds to the (110) plane of the rutile crystal (JCPDS 21-1276). The result validates the coexistence of anatase and rutile TiO~2~ nanodots in the COF framework. The corresponding element mappings of C, N, Ti, and O ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e) suggest that these elements distribute uniformly throughout the framework, revealing the HCPT nanodots are well dispersed in the COF framework. The X-ray diffraction (XRD) pattern in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}i reveals a set of reflections corresponding to a hybrid crystal phase of anatase and rutile crystals in the HCPT\@COF composite. It is noted that the (001) peak corresponding to the interlayers of the COF almost disappears, consistent with the TEM observation that the interlayers of the COF are invisible, which is different from the bare COF ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)) and the previous report.^[@ref27]^ The XRD pattern of TiO~2~\@COF composites synthesized at higher temperatures ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)) reveals that the contents of anatase TiO~2~ are decreased at 500 °C and completely disappeared at 700 °C. In addition, the (100) and (110) peaks of COF remain for the composite prepared at 500 °C, while almost disappear for the composite at 700 °C, resulting from the irreversible carbonization of COF at higher temperatures.^[@ref18]^ Further preparation experiments of HCPT\@COF composites below 400 °C were not conducted, as the catalytic polymerization reaction of DCB monomers forming COF occurred above 400 °C.^[@ref18]^ It is noted that the ratios of rutile to anatase for the composites prepared at temperatures of the typical 400 °C (denoted as HCPT\@COF-400) and 500 °C (denoted as TiO~2~\@COF-500) are roughly estimated to be 19.1:80.9 and 39.6:60.4 (w/w), respectively ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)).

![(a) SEM image of the HCPT\@COF composite. Inset shows the selected bulk composite for element mapping characterization. (b--d) TEM image of the HCPT\@COF composite and selected areas of anatase and rutile phase showing crystal lattice distance in (c) and (d). (e--h) Selected area element maps. (i) XRD pattern of the HCPT\@COF composite. (j) N~2~ adsorption--desorption isotherm curves of the HCPT\@COF composite and bare COF. Inset in (j) shows the pore size distribution of the HCPT\@COF composite and bare COF.](oc9b00846_0001){#fig1}

The Brunauer--Emmett--Teller (BET) measurement shows that the typical HCPT\@COF composite and the bare COF possess a specific surface area of 809 m^2^ g^--1^ and 943 m^2^ g^--1^, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}j). Notably, the average size of the micropores is expanded to 1.71 nm, approximately 14% wider than the bare COF with a theoretically calculated pore width of triazine cycling (1.5 nm)^[@ref28]^ (inset diagrams). Furthermore, the pore volume of the typical HCPT\@COF composite is 0.87 cm^3^ g^--1^, which is beneficial for sulfur infiltration and buffering the volume fluctuation while functioning as a Li--S battery composite electrode. The BET results and pore structure information on the TiO~2~\@COF composites synthesized at different temperatures are shown in [Figure S5 and Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf). It is found in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf) that the composites prepared at higher temperatures possess higher specific surface area values, due to the occurrence of carbonization of COF^[@ref22]^ and the coalescence of TiO~2~ nanodots at higher temperatures, which generate more pores in the COF frameworks with an increased specific surface area of the composites. The trimerization reaction of the DCB monomers responsible for COF formation in the HCPT\@COF composite is further characterized by Fourier transform infrared spectrometer (FTIR) measurements ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The disappearance of the otherwise intensive carbonitrile band at 2228 cm^--1^ indicates the successful trimerization reaction. The two main strong absorption bands at 1352 and 1507 cm^--1^ correspond to the formation of triazine rings.^[@ref18]^ Compared with the bare COF, the HCPT\@COF composite shows an extra absorption band at 801 cm^--1^, proving the existence of TiO~2~ nanodots.^[@ref29]^ The Raman spectrum of the HCPT\@COF composite in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows a sharp peak at 144 cm^--1^ corresponding to both the E~g~ mode in anatase and the B~1g~ mode in rutile. The spectrum also exhibits a peak at 447 cm^--1^ assigned to the E~g~ mode in rutile,^[@ref30]^ while anatase is identified by the shoulder at 197 cm^--1^ (E~g~), and the peaks at 399 (B~1g~), 516 cm^--1^ (A~1g~), and 639 cm^--1^ (E~g~).^[@ref31]^

![(a) FTIR spectra of the HCPT\@COF composite and the bare COF. (b) Raman spectra of the HCPT\@COF composite and the bare COF. (c) O 1s XPS spectrum of the HCPT\@COF composite. (d) N 1s XPS spectra of the HCPT\@COF composite and the bare COF. (e) Ti 2p XPS spectrum of the HCPT\@COF composite. Green vertical dotted lines in (e) correspond to the Ti 2p binding energy of normal pure-phase TiO~2~ without any heteroatom doped or other phase combined.](oc9b00846_0002){#fig2}

X-ray photoelectron spectroscopy (XPS) was further conducted to evaluate the valence state of the elements and the interaction between COF and TiO~2~ components in the composite. Contents of C, N, Ti, and O elements are determined to be in a mass ratio of 75:10.4:5:9.4 ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)), consistent with the original stoichiometry of the reactants. In addition, the mass ratio of TiO~2~ in the typical HCPT\@COF composite is calculated to be 15 wt % using XPS results. O~1s~ XPS spectrum ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) is deconvoluted into three peaks at 530.6, 531.5, and 532.9 eV, attributed to Ti--O bonds, oxygen defect sites in TiO~2~, and hydroxy species of surface absorbed water molecules, respectively. The N~1s~ spectra of the bare COF and the HCPT\@COF composite in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d can be deconvoluted into two peaks of -C~2~NH (398--399 eV) and -C~3~N (400--401 eV).^[@ref22]^ Notably, both peaks in the composite shift left toward higher energy values, indicating that a lower electron density and electron-lacking state of N atoms, compared with the bare COF. Moreover, Ti~2p~ peaks in the HCPT\@COF composite ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e) show binding energy that is ∼0.4 eV lower than the normal-TiO~2~ (∼464 eV, marked as green vertical dotted lines),^[@ref32]^ suggesting the strong interaction between the triazine rings and hybrid TiO~2~ via interfacial N--Ti bonds.^[@ref33],[@ref34]^ However, for TiO~2~\@COF composites synthesized at higher temperatures of 500 and 700 °C, the XPS measurements imply a weakened interaction of N--Ti bonds between the two components of COF and TiO~2~, induced by the reduction of oxygen defects in the composites ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)).

To further evaluate the electrochemical properties of the HCPT\@COF toward the application of Li--S batteries, sulfur was thermally impregnated into host materials using a facile dispersing and thermal diffusion strategy to fabricate the composite cathodes. The existence of S in the composite is evidenced by the corresponding XPS spectra before and after infiltration ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)). Element maps indicate that S is infiltrated into the pores of COF and uniformly dispersed in the composite ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)). The initial mass loading of S in the typical HCPT\@COF/S and the COF/S samples is measured to be 69.3% and 70.1%, respectively, based on the thermogravimetric analysis (TGA) ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)).

The as-prepared composite cells were cycled under the voltage range of 1.7--2.8 V (versus Li/Li^+^). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the galvanostatic profiles of the HCPT\@COF/S and COF/S composites at 0.2 C from 1st, 100th, and 300th cycle, respectively. Both the composite electrodes display two typical well-defined plateaus at ∼2.4 and ∼2.1 V, corresponding to the multistep reduction reactions in cathodes during the discharge process. The high plateaus at ∼2.4 V are ascribed to the transformation from the octasulfur to long-chain LiPSs (Li~2~S~*n*~, 4 ≤ *n* ≤ 8), while low and relatively long plateaus at ∼2.1 V are ascribed to the reduction of long-chain LiPSs to short-chain LiPSs (Li~2~S~2~ or Li~2~S).^[@ref35]^ The charge/discharge profiles show considerable changes in the anodic and cathodic overpotentials. The HCPT\@COF/S composite electrode delivers an initial discharge capacity of 1224 mAh g^--1^ along with discharge capacities of 1117 and 1053 mAh g^--1^ at 0.2 C at the 100th and 300th cycle, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). In comparison, the COF/S electrode exhibits an initial discharge capacity of 1208 mAh g^--1^ and a respective discharge capacity of 820 and 694 mAh g^--1^ at the 100th and 300th cycle, showing fast capacity degradation. To further investigate the LiPSs anchoring effect inside the composite on the battery performance, d*Q*/d*V* versus potential plots for the above-mentioned cycles were constructed, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. Two peaks of d*Q*/d*V* at ∼2.1 and ∼2.4 V respectively correspond to the two discharge plateaus, which are considered to contribute the dominant discharge capacity in sulfur reduction reactions. For the HCPT\@COF/S electrode, the intensity of the dominant peak (∼2.1 V) retains at a level of 82% at the 300th cycle compared with the first cycle, whereas the peak intensity for the COF/S electrode decreases dramatically to 58% at the 300th cycle, suggesting a severe shuttle effect in the COF/S electrode causing the fast capacity decay. For the second peak appearing at ∼2.4 V, the HCPT\@COF/S electrode displays a notable positive potential shift compared to that of the COF/S electrode, which indicates a smaller polarization and a faster electrochemical reaction proceeded on the surface of the HCPT\@COF/S than on the COF/S.^[@ref15]^ d*Q*/d*V* vs potential plots for the charge profiles show three main peaks corresponding to the redox reactions for the short-chain LiPSs transforming to the long-chain LiPSs and finally to the octasulfur. Notably, the central peak for the COF/S electrode at ∼2.3 V fades upon cycling and disappears at the 300th cycle, suggesting a higher energy barrier as well as a more serious polysulfide dissolution and shuttle effect during the charging process. Electrochemical impedance spectra (EIS) results also indicate that the HCPT\@COF/S (HCPT\@COF-400/S) electrode exhibits a better charge transfer capability and electrochemical kinetics than the COF/S electrode, as well as the electrodes based on the TiO~2~\@COF-500 and TiO~2~\@COF-700 composites ([Figure S10 and Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d displays the long cycling performance of the HCPT\@COF/S and COF/S electrodes at 0.5 C. For the HCPT\@COF/S electrode, an initial charge of 1149 mAh g^--1^ and a discharge capacity of 1036 mAh g^--1^ are delivered, respectively. The initial Coulombic efficiency reaches as high as 90.2%, followed by the continually high efficiency of nearly 100% during the 800 cycles, indicating that the shuttle effect has been greatly suppressed in the HCPT\@COF/S composite electrode. After 800 cycles, the electrode still achieves a reversible capacity of 875 mAh g^--1^, giving a high capacity retention of 76.2% with a low capacity decay of 0.030% per cycle. In contrast, the COF/S cathode shows a rapid capacity fading with a final discharge capacity of 487.6 mAh g^--1^ after 500 cycles. Moreover, the HCPT\@COF/S electrode also exhibits outstanding rate capability. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e, when the cell was operated at 0.2, 0.5, 1.0, and 2.0 C, the electrode delivered a high reversible capacity of 1061, 1031, 928, and 740 mAh g^--1^ (calculated based on the third cycle of each current density). Even at a very high rate of 4 C, the reversible capacity of ∼676 mAh g^--1^ can still be retained, yielding a high retention of ∼63.7%. When the current density returns to 0.2 C, the discharge capacity rebounds to 996 mAh g^--1^ without dramatic capacity degradation for more than 30 cycles at this rate. The cycling and rate performance tests were also conducted for the TiO~2~\@COF composites synthesized at higher temperatures and compared to that of the typical HCPT\@COF/S and COF/S electrodes, as shown in [Figures S11 and S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf). For practical applications, long cyclability at a high rate is a key factor for Li--S batteries.^[@ref36]−[@ref38]^ In this regard, the long-term test up to 1500 cycles at 3 C was conducted for the HCPT\@COF-400/S electrode, and a low capacity fading ratio of 0.029% per cycle is obtained after cycling ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)). It is found that the TiO~2~-based composite electrodes show better performance than the COF/S electrode, which is ascribed to the enhanced polar adsorption between S and TiO~2~ in the TiO~2~/COF cathodes via S--Ti bonds ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)). For the TiO~2~-based composite electrodes, the typical HCPT\@COF/S electrode demonstrates the best performance among the three. It is noted that the HCPT\@COF composite possesses the lowest specific surface area and the smallest pore volume that are disadvantageous to the performance of Li--S batteries. Therefore, the significant performance improvement of the HCPT\@COF/S electrode is due to the best adsorption effect of hybrid crystal TiO~2~ toward LiPSs ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf)).

![(a) Voltage profiles of the HCPT\@COF/S composite electrode (blue curves) and the COF/S composite electrode (red curves) in the 1st cycle (i and iv), 100th cycle (ii and v), and 300th cycle (iii and vi) at 0.2 C, respectively. (b) Specific capacity comparison of the HCPT\@COF/S electrode (blue curve) and the COF/S electrode (red curve) at 0.2 C at the 1st, 100th, and 300th cycle, respectively. (c) Plots of differential capacity of the HCPT\@COF/S electrode (blue curves) and the COF/S electrode (red curves) in the first cycle (i and iv), 100th cycle (ii and v), and 300th cycle (iii and vi). (d) Long cycling performance of the HCPT\@COF/S and COF/S electrodes at 0.5 C. (e) Rate performance of the HCPT\@COF/S and COF/S electrodes followed by a cycling performance of 0.2 C. The above synthesis temperature of COF is 400 °C.](oc9b00846_0003){#fig3}

To better understand the interaction between the hybrid-crystal TiO~2~ and LiPSs, density functional theory calculations were carried out on a series of representative LiPS species to further elucidate the underlying mechanism during the discharge process for the HCPT\@COF composite electrode. The surfaces in (101) plane of anatase and in (110) plane of rutile were chosen for calculations since they behaved as the most stable structures.^[@ref39]^ A symmetrical model was built to correct the dipole, and adsorption was allowed on only one side of the exposed surfaces (only the top three-layer atoms of TiO~2~ were fully relaxed). For quantitatively measuring the interaction between the surface and adsorbates of Li~2~S, Li~2~S~2~, Li~2~S~4~, Li~2~S~6~, and Li~2~S~8~, we define the binding energy *E*~b~ as follows: *E*~b~ = *E*~total~ -- (*E*~sur~ + *E*~ads~), where *E*~sur~, *E*~ads~, and *E*~total~ represent the total energies of the surface, the Li~2~S~*x*~ (*x* = 1, 2, 4, 6, and 8) cluster, and the adsorption pair of the substrate and a certain cluster, respectively. The simulation results are shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, showing the binding energy of rutile and anatase with different LiPSs produced in the discharge process from 1.7--2.8 V. The results indicate that long-chain LiPS species (Li~2~S~8~, Li~2~S~6~, Li~2~S~4~) show higher binding energies with the rutile-TiO~2~ (110) surface (3.04, 1.79, and 2.08 eV) than those with the anatase-TiO~2~ (101) surface (1.71, 1.53, and 1.38 eV), respectively, while the short-chain LiPS (Li~2~S~2~) shows much lower binding energy with rutile-TiO~2~ (1.73 eV) than with anatase (3.68 eV). The final product Li~2~S shows almost the same binding energy with both the anatase-TiO~2~ (3.59 eV) and rutile-TiO~2~ surface (3.62 eV). COF containing N atoms was reported to show an adsorption effect on LiPSs by the Li--N interactions.^[@ref24]^ However, compared with the strong interaction of TiO~2~ with LiPSs via Ti and S atoms, the interaction effect between Li and N atoms from COF is much weak. The capacity related to long-chain LiPSs (Li~2~S~8~, Li~2~S~6~, Li~2~S~4~) dominated by the adsorption of rutile is ∼300 mAh g^--1^ and the short-chain LiPS (Li~2~S~2~) dominated by the adsorption of anatase is ∼500 mAh g^--1^, which respectively contributes a high percentage of 28.6% and 47.6% to the total capacity. The results above demonstrate that hybrid anatase and rutile show a complementary adsorption effect on LiPS species and function more predominantly than their single phase during the discharge process.

![Schematic Diagram Showing the Binding Energy of Rutile and Anatase TiO~2~ with a Series of Li--S Discharge Products Corresponding to Multiple Reaction Stages](oc9b00846_0005){#sch2}

Safety Statement {#sec100}
----------------

No unexpected or unusually high safety hazards were encountered.

Conclusion {#sec3}
==========

In summary, the HCPT\@COF composites have been constructed through a pseudo-topotactic transformation of 3D layered networks enabled by a multireaction relay. The elaborately designed strategy allows the uniform distribution of HCPT nanodots in porous COF frameworks and strong interaction (Ti--N bonds) between HCPT nanodots and COF frameworks. The HCPT\@COF composite with unique structural advantages showed superior comprehensive performance for Li--S batteries as a sulfur host material, such as high capacity uptake, superior cycling stability, and remarkable rate capability. The DFT calculations reveal that the hybrid phase of rutile and anatase respectively shows a synergistic adsorption effect on the LiPSs species to effectively suppress the shuttle effect. This study provides a new strategy to develop layered composite materials favorable for high-performance Li--S batteries and energy applications.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.9b00846](http://pubs.acs.org/doi/abs/10.1021/acscentsci.9b00846).Experimental details, characterizations of TEM images, XRD patterns, BET analyses, XPS spectra, and performance tests including Nyquist plots, cycling performance, rate performance, performance comparison, and DFT calculations of the HCPT\@COF composites and bare COF ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00846/suppl_file/oc9b00846_si_001.pdf))
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